Abstract-A novel dual-broadband circularly polarized folded slot antenna with single-feed is presented. The proposed antenna consists of two folded annular slots. By adjusting the asymmetric widths of the two slots, circularly polarized radiation can be achieved in two different bands. By optimizing the parameters of the proposed antenna, two wide impedance bandwidths of 35.0% (1.91-2.72 GHz) and 46.5% (4.36-7.00 GHz) can be obtained, and two axial ratio bandwidths are 2.36-2.56 GHz and 5.68-6.04 GHz, respectively. The antenna with simple structure is fabricated and measured. Good agreement between the simulated and measured results is also achieved.
INTRODUCTION
Circular polarization and dual-band operation are usually desired characteristics for antennas in modern wireless systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Meanwhile, printed slot antennas are commonly used in communication system due to their advantages such as low profile, wide bandwidth, low cost and ease of fabrication. Several dual-band slot antenna designs with good characteristics were proposed in [1] [2] [3] [4] [5] . However, these antennas were only designed for linear polarized. Several designs have been reported to produce circular polarization [6] [7] [8] [9] [10] , but all these design only realize one CP radiation band.
A dual-frequency CP microstrip antenna was presented in [11] . However, the antenna has double dielectric layers structure, which increases the complexity and difficulty in manufactory and assemble process. There are several designs using single-layered substrate to realize circular polarization. In [12] , dual-band circularly polarized annular slot antenna is obtained by employing two square slots, a bended microstrip line and a cavity back. Dual-band CP radiation can also be achieved by using a spiral slot [13] , or a CPW-fed annular slot with two perturbation strips [14] . In [15] , a square microstrip patch antenna embedded with four slots and a crossed slot can generate dual-band CP radiation. But all these designs in [13] [14] [15] have a limited range of the frequency ratio.
In this paper, a novel dual-broadband circularly polarized antenna using two special slots and single microstrip-coupled feed is introduced and investigated. By optimizing the key geometrical parameters of the antenna, two wide impedance bandwidths of 35.0% (1.91-2.72 GHz) and 46.5% (4.36-7.00 GHz) are obtained, as well as two axial ratio bandwidths are 2.36-2.56 GHz and 5.68-6.04 GHz, respectively. Good agreement between the simulated and measured results is also achieved, which implies that the proposed antenna is a good candidate for dualbroadband circularly polarized wireless systems.
ANTENNA DESIGN
The configuration of the proposed antenna is showed in Figure 1 . The antenna is printed on a square PTFE dielectric substrate with a relative permittivity of ε r = 2.65, a side length of the substrate G is 50 mm and a thickness h is 1 mm. Two annular slots are etched on the bottom side of the substrate. They are excited by a modified microstrip transmission line printed on top side of the substrate.
For conventional annular slot, the wavelength of the fundamental Figure 1 . Configuration of the proposed antenna.
resonant mode almost equals to the mean circumference of the slot. By adjusting the width of the slot (S o1 and S o2 , or S i1 and S i2 ), the symmetric fold annular slot will be also perturbed at the same time. And then the fundamental resonant mode will be split into two orthogonal degenerate modes. With the appropriate perturbation, the two orthogonal degenerate modes of the annular slot can be excited with 90 • phase difference and CP radiation will be realized. The design evolution of the proposed antenna and the corresponding simulated return loss curves are shown in Figure 3 . In this design, the geometrical parameters of the antennas are studied with the aid of ANSYS High Frequency Structure Simulator (HFSS) software. As shown in Figure 2 (a), antenna 1 is a fold annular slot antenna, and the asymmetric of the slot width will lead to two split orthogonal degenerate modes around 2.45 GHz shown in Figure 2 (b). The equivalent length of the slot is taken as one operating wavelength at the fundamental operating frequency. Similar with antenna 1, antenna 2 can be excited to yield two orthogonal degenerate modes around 5.8 GHz. Combining two different sizes of the annular slots in antenna 1 and antenna 2, the double slot rings structure of antenna 3 will be obtained. Due to the fact that the proposed antenna operates in two different bands, the modified microstrip transform line is adjusted carefully so as to achieve good impedance matching in both operating bands. By building a microstrip transmission line circuit model in Advanced Design System (ADS) software, the dimensions of stepped impedance microstrip transform line are preliminarily tuned, which are further optimized via HFSS with the combination of slots on the ground plane, as shown in Table 1 . 
PARAMETER ANALYSIS
The key geometrical parameters of the proposed antenna are studied in this section. The effects of these parameters on axial ratio are analyzed when only the involved parameters varied at a time.
Effects of Circumference of the Outer Slot
The effects of varying the circumference of the outer slot on the axial ratio are shown in Figure 3(a) . The values of L o1 and L o2 are varied at the same time. As expected, the circumference of outer slot, determined by the L o1 and L o2 , affect the orthogonal degenerate modes at the lower frequency. The lower frequency for CP radiation decreases with the increasing of the L o1 and L o2 . It is noted that, the L o1 and L o2 can also affect the upper frequency for CP radiation, which indicates the coupling of the outer and the inner slots.
Effects of the Outer Slot Width
Figure 3(b) shows the effects of the width of the outer slot. The value of S o1 varies from 0.8 mm to 1.6 mm when S o2 maintains to be 3.7 mm. As expected, the width of outer slot has a great effect on the axial ratio of the lower frequency but little effect on the axial ratio of the upper frequency. That means the value of S o1 is the key parameter which determines the axial ratio of lower frequency. The value of S o1 should be adjusted carefully, and if it is too large (S o1 = 1.6 mm) or too small (S o1 = 0.8 mm), the CP radiation will be deteriorated obviously.
Effects of the Inner Slot Circumference
The effects of L i1 and L i2 are shown in Figure 4(a) . Just like the parameters of L o1 and L o2 , L i1 and L i2 control the orthogonal degenerate modes at the upper frequency. With the circumference of the inner slot increases, the higher operation band of the antenna shifts down dramatically while the resonant frequency of the lower band changes slightly. 
Effects of the Inner Slot Width
Figure 4(b) shows the effects of the width of the inner slot on axial ratio. The value of S i1 varies from 0.3 mm to 0.7 mm when S i2 maintains to be 2 mm. The value of S i1 is the key parameter controlling the axial ratio of upper frequency, and the width of the slot should be optimized to realize CP radiation at high band. If it is too large (S i1 = 0.7 mm), the CP radiation will be deteriorated. If it is too small (S i1 = 0.3 mm), the difficulty for fabrication will increase. Figure 7 . The simulated current distributions at the frequency of (a) 2.45 GHz (b) 5.8 GHz.
EXPERIMENTAL RESULTS AND DISCUSSION
A prototype of the proposed antenna is fabricated and measured. The photograph of the proposed antenna is presented in Figure 5 .
Experimental results are measured with the WILTRON 37269A vector network analyzer and the Near Field Antenna Measurement System, Satimo. The simulated and measured return losses and axial-ratios on zaxis direction as shown in Figure 1 are plotted in Figure 6 . As expected, the measured results show a good agreement with the simulated data. The measured impedance bandwidths (return loss 10 dB) are 810 MHz (1.91-2.72 GHz) and 2640 MHz (4.36-7.00 GHz). And two The simulated current distributions on the proposed antenna at the frequencies of 2.45 GHz and 5.8 GHz, presented in Figure 7 , can further demonstrate the mechanism of the dual-band CP radiation. It can be observed that the current distributions are concentrated on the patch for four phase angles of 0 • , 90 • , 180 • , and 270 • , respectively. As shown in Figure 7(a) , the current flows along the outer slot so that the lower resonant mode at about 2.45 GHz can be excited. Thus, the lower operation band (2.45 GHz) is mainly attributed to the outer slot. An instantaneous current phase on the proposed antenna, at 90 • intervals, demonstrates a circularly polarized radiation. The current flows clockwise rotate from +y-axis to +x-axis, and result in the lefthand circularly polarized (LHCP) radiation toward the +z direction. Two zeros of current distributions can be observed on the outer annular slot which indicates the slot is a full-wavelength slot. In Figure 7 (b), the current flows mainly focused on the inner slot, and the 5.8 GHz resonant mode is excited. The inner slot is also a full-wavelength slot at the frequency of 5.8 GHz. The left-handed circularly polarized (LHCP) radiation toward the +z direction can be explained by analyzing on the instantaneous current around the inner slot.
The simulated and measured radiation patterns at 2.45 GHz and 5.8 GHz are plotted in Figure 8 . The antenna radiates a bidirectional wave with the opposite circularly polarization. The radiation of the antenna is LHCP for z > 0 while RHCP for z < 0. It can be seen that the main beam direction hardly shifts away from the zenith at the both frequencies of 2.45 GHz and 5.8 GHz. Figure 9 . Simulated and measured gain. Figure 9 shows the simulated and measured gains in the two operating bands. It can be clearly seen that the maximum gains are about 3.3-3.8 dBic at lower operating band and 3.6-4.3 dBic at the upper operating band.
CONCLUSION
A single-feed circularly polarized annular slot antenna for dualbroadband operation is presented in this article. By etching two fold annular slots on the ground, two desired frequencies is obtained. And circularly polarized radiation in two bands is realized by adjusting the widths of the two slots.
The experimental results show that the impedance bands cover 1.91-2.72 GHz (35.0%) at lower band and 4.36-7.00 GHz (46.5%) at higher band, as well as the 3-dB axial ratio bandwidths are 2.36-2.56 GHz (8.1%) and 5.68-6.04 GHz (6.1%), respectively. The peak gains are about 3.3-4.3 dBic at the operating bands. As a result, the antenna can be applied to 2.45/5.8 GHz RFID or 2.4/5.8 GHz WLAN communication systems.
